REMOTE SENSING OF ENVIRONMENT 11 401-411 (1981) 401

Temporal Relationships Between Spectral
Response and Agronomic Variables of a Corn Canopy
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There 15 growing interest n employing hand-held radiometry as a nondestructive research tool m heu of or support of
more tedious vegetation measurements The objective of this study was to evaluate such techniques on corn The
spectral rachances from corn plots 18 m 1 diameter were measured using a three-band radiometer elevated 37 m
above the ground The three spectral bands used corresponded to NASA’S Landsat-D Thematic Mapper bands TM3
(0 63-0 69 pm), TM4 (0 76-0 90 pm), and TM5 (155-175 pm) Pertodically throughout the growing season a plot
was selected and radiometrically measured then harvested for measurement of several agronomic variables By the end
of the growing season, a total of 43 plots had been measured with solar zenith angles ranging between 16 and 44°
Significant relationships were found between various combmations of the radiance data and the wet and dry total
biomass, plant height, fraction of ground covered by plants, wet and dry green leaf biomass, green leaf area index
fraction of leaf chlorosis, and total plant water content Some of these relationships were found to be redundant since
several of the agronomic varables were highly correlated to one another In addition, the TM5 band did not provide
any marked improvement 1n the relationships to the agronomic vanables The relationships between the radiance data
and agronomic vanables represent a nondestructive remote sensing technique for researching the growth of corn
canopies

Introduction

There 1s a growing group of scientists
now employing hand-held radiometry as a
nondestructive research tool 1in heu of or
support of other more tedious vegetation
measurements and in turn these inferred
vegetation vanables are used 1n research-
ing the growth and development of vege-
tation (Jackson et al., 1980). Past stucies
indicate that vegetation vanables (e.g,
biomass, leaf area, and percent cover) can
be related to spectral radiometric data
(Aase and Siddoway, 1981, Gausman
et al, 1975, Holben et al, 1980, Tucker
et al, 1979a,b, Wiegand et al, 1979,
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among others). With regard to corn,
Tucker et al. (1979b) have reported the
relationship of red and photographic-
infrared spectral radiances to total wet
and dry biomass, plant height, estimates
of percent canopy cover, and visual per-
cent chlorosis Significant relationships
were reported which suggested the possi-
bility of remote momtoring of corn canopy
growth

Holben et al (1980) reported that the
green leaf area index (LAI) and green leaf
biomass were the soybean canopy var-
ables most highly correlated to red and
photographic-infrared spectral data and
related spectral combinations Tucker
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(1979) reported that the photosyntheti-
cally active portion (green leaves) of a
blue grama grass canopy was the canopy
variable most highly correlated with red
and photographic-infrared spectral data.
We now report on an experiment in
which we have related spectral radiance
data collected 1n three spectral regions to
corn canopy vanables The study extends
the work of Tucker et al. (1979b) m that
more detailled measurements of corn
canopy varables (including wet and dry
green leaf biomass, green leaf area index,
chlorotic leaf biomass, chlorotic leaf area,
and leaf water content, among others)
were made using quantitative techniques
(no visual estimates). In addition, spectral
data were collected with a hand-held ra-
diometer having Landsat-D Thematic
Mapper (TM) bands TM3 (0.63-069
pm), TM4 (0.76-090 pm), and TM5
(155-175 pm) TM3, TM4, and TM5
seem to be well situated spectrally for
making remotely sensed measurements
related to chlorophyll concentration, leaf

density, and leaf water content (Tucker,
1978)

Methods and Analyses

A field (approximately 0.9 ha) of well-
drained Elkton sit loam soil located on
the USDA Beltsville Agncultural Re-
search Center was selected for this study
Dekalb XL64A corn (Zea mays L.) was
planted on 12 May 1979 m rows 76 cm
apart (26 cm within the row) at a popula-
tion density of approximately 50,400
plants per hectare Rows were planted 1n
a north—south direction Before planting,
the soill was limed, tilled, and fertihized
(90 kg N, 39 kg P, and 74 kg K per
hectare) Atrazine was apphed at planting
to control weeds. No additional tillage or
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weed control was requred during the
growing season

Penodically throughout the growing
season several plots were randomly
selected, radiometrically measured, then
harvested for measurement of several
agronomic vanables By the end of the
growing season, a total of 43 plots had
been measured Table 1 presents the
number of plots for each date along with
the corresponding plotting symbols used
m the results sections of this paper. In
addition, Table 1 presents growth stage of
the plots using the scale of Hanway
(1963)

Each plot measured was a 2 6 m? circle
on the ground and was centered on-row
Prior to destructive samphing, the spectral
radiance of each plot in Thematic Mapper
(TM) bands 3 (063-0.69 pm), 4 (0 76—
0.90 pm), and 5 (155-175 pm) were
measured using a Mark II three-band
radiometer (prototype) attached to a 3.7-
m-high portable boom (hand-held) as
described by Tucker et al. (1980). The
sensor’s field of view was 24° full angle
(measured at one half of peak response),
thus the sensor had a ground field of view
essentially equvalent to the plot area.
The radiometer was visually centered over
each plot and the radiances for the three
bands were recorded. To reduce the error
caused by positioning the radiometer, 1t
was 1ndependently centered four times
over each plot and the mean for each
band was calculated The coefficients of
vanation of these mean radiances were
relatively small—on the order of 16, 11,
and 09% for the TM3, 4, and 5 bands,
respectively (mean values) All further
calculations were performed with these
mean radiance values. Data were col-
lected between the hours of 1010 and
1300 EST in direct sunhght wath cloud-
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TABLE 1 Number of Plots Measured on Each Date with Corresponding Symbol Used 1n Figs 1-6 of the Results Section A
Total of 43 plots Were Measured The Growth Stages of Corn Refer to the Scale of Hanway (1963)

NUMBER OF GROWTH PLoTTING NUMBER OF GROWTH ProTTING

DaTe PLoTs MEASURED STAGE SyMBOL DaTE PLoTs MEASURED STAGE SyMBoL

06/15,/79 4 (1) Collar of fourth A 07/31/79 2 (6) Kernels n ]
leaf visible ‘blister” stage

06 /22 /79 4 (1) Collar of fourth B 08,/06/79 2 (6) Kernels 1n K
leaf visible “blister” stage

06/27 /79 3 (1) Collar of fourth C 08/13/79 2 (7) Very late L
leaf visible “roasting ear’”

stage

07,/03/79 3 (1) Collar of fourth D 08,/20/79 1 (7) Very late M

leaf visible “roasting ear”
stage

07,/06/79 3 (2) Collar of eighth E 08,/30/79 2 (8) Early ‘ dent” N
leaf visible stage

07/18/79 2 (4) Collar of sixteenth F 09/04/79 2 (9) Full “dent’ 0
leaf visible, tips of stage
many tassels visible

07/19/79 2 (4) Collar of sixteenth G 09/11/79 2 (9) Full “dent” Q
leaf visible, tips of stage
many tassels visible

07,23 /79 3 (5) Silks visible, H  09/18/79 2 (9) Full “dent” R
pollen shedding stage

07/27/79 2 (5) Silks visible, I 10,/03,/79 2 (10) Gramn physio- S
pollen shedding logically mature

less or partly cloudy skies. The mmimum
and maximum solar zenith angles of these
measurements were 16° and 44°, respec-
tively

The individual spectral radiances for
each plot were transformed into the nor-
malized difference vegetation index
(Rouse et al, 1973) for TM band combs-
nation 3 and 4 (ND34) and for TM band
combination 5 and 4 (ND45) where

_ TM4—TM3
ND34= TM4+TM3’
and
_ TM4—TM5
ND45= TM4 +TM5

The ND34 transformation of raw radi-
ance values 1s desirable because of its
reported sensitivity to vegetation parame-
ters and 1t tends to normalize the wradi-

ance for Lmited solar zemith angles
(Tucker et al., 1979).

A vertical photograph of each plot was
taken from the portable boom, a dot gnd
(200 pomts) was apphed to the photo-
graph to obtam a quantitative estimate of
the fraction of ground covered by the
vegetation. The estimated maximum error
bound (two times the estimated standard
error of the mean proportion, maximum
value at a proportion of 0.50, Mendenhall
et al., 1971) was *0.071. Other agro-
nomic measurements pror to harvesting
included mean plant height and number
of leaves expanded

Immediately following the field mea-
surements, the entire plot was harvested
(approximately 13 plants + components
within plots) and the following agronomic
data were taken Total wet biomass was
weighed, after which the plants were sep-
arated into green leaf, chlorotic leaf, stalk,
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tassel, and ear components and each of
these components were weighed. All
components were oven drnied 6 days at
50°C and the dry plant matenal and
water content weights for the compo-
nents and total material were calculated
All weights were presented on a per
square meter of ground area basis. Prior
to drying, green leaf and chlorotic leaf
area indices (total one-sided leaf area per
plot divided by plot ground area) were
measured by using an optically integrat-
g area meter Fraction of chlorosis was
calculated as the ratio of the chlorotic leaf
area index to the total leaf area index On
a few occasions some of these above agro-
nomic measurements were not taken as
mdicated n the results section.

A simple linear regression approach was
taken in which the individual radiances
and radiance transformations were corre-
lated with the agronomic vanables In
addition, nonlinear relationships between
selected agronomic varnables and the nor-
malized differences for the 43 plots were
explored using the power function

T=aX?,

where T 1s a particular spectral transfor-
mation, X 1s the agronomic vanables and
a and b are coefficients The a and b
coefficients were determined using a least
squares fit of the hineanzed equation

InT=Ina+b(In X)

Results and Discussion

Durning the 1979 growing season above
average precipitation occurred and no
periods of drought stress were reported
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Thus, no wvisible water stress of the corn
canopy was apparent. Under these condi-
tions, for all plot measurements the corre-
lation coefficient (r) between TM3 and
TM5 was 097. Thus, the temporal rela-
tionships between the various agronomic
vanables and ND34 and ND45 were
highly redundant As a consequence, the
results presented concentrate on the
ND34 relationships.

A number of agronomic variables were
highly correlated with each other as a
result of the inherent physiology and /or
anatomy of plant growth (Table 2) For
example, plant height and total wet bio-
mass were highly correlated with a r value
of 0.99, and there were 26 other correla-
tions in Table 2 with r values greater than
080. Because of these high interagro-
nomic vanable correlations, the relation-
ships between spectral transformations
and agronomic vanables are 1n many cases
redundant

The quantitative relationships which
were shown by Tucker et al (1979a) [total
wet and dry biomass and plant height
versus the normahzed difference of a red
(06507 pm) and near-infrared (0 775-
0 825 pm) band] were very simlar 1n all
respects to the relationships found 1n this
study. For example, Fig 1 shows the total
dry biomass plotted against the ND34
Initial ND34 values were very low and by
18 July had reached a maximum, while
the dry biomass continued to increase
Senescence began after 20 August and
the ND34 ratio and wet biomass values
began to decrease The ND34 ratio de-
creased primanly because of leaf senes-
cence and the reduction in canopy ground
cover (Tucker et al , 1979a)

The ND34 ratio reached a maximum
18 July, whereas the wet biomass con-
tinued to increase until 20 August and
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TABLE 2 Linear Correlation Coefficients (r) Between Selected, Sampled Agronomic Vanables Sample sizes (n) and Levels

of Sigmficance Are Indicated

WEeT Dry

GREEN ToraL GREEN FracTion GREEN CHLOROTIC CHLOROTIC

LEAF Dry LEAF Prant  LEAF LeEaF  PErcent WET LEAF  LEAF ToTtAL

Biomass Biomass Biomass Heicar CHiorosis® Lai COVER Biomass Lax Lar
Total Wet oso> 083> 088> 099" —065" 079 o91° 045" 036" 092b
Biomass n=43 n=43 n=43 n=38 n=10 n=41 n=43 n=43 n=41 n=41
Wet Green 041> 098> 076® —095"° 099" 078  —008 -021 095"
Leaf Biomass n=43 n=43 n=38 n=10 n=41 n=43 n=43 n=41 n=41
Total Dry 055® 08> —077° 037¢ 068" 079" 036" 061"
Biomass n=43 n=38 n=10 n=41 n=43 n=43 n=41 n=41
Dry Green 08> —09%" 097" 082" 003 —011 096"
Leaf Biomass n=38 n=10 n=41 n=43 n=43 n=41 n=41
Plant —082b 074> 090" 052" 041 088>
Height n=10 n=38 n=43 n=43 n=+1 n=4l1
Fraction Leaf —091® —011 091° 096" —0 86"
Chlorosis* n=10 n=10 n=10 n=10 n=10
Green Leaf 074>  —009 -023 095"
LAI n=43 n=43 n=41 n=41
Percent 031 024 088>
Cover n=43 n=41 n=41
Chlorotic 098b 021
Wet Leaf Biomass n=41 n=41
Chlorotic 007
Leaf LAI n=41

2Samples from 30 August to 3 October

bIndicates sigmficance at the 0 01 level of probabihty
“Indicates significance at the 0 05 level of probability

thereafter decreased rapidly because of
crop senescence (Fig. 2) Essentially the
same trajectory was seen for ND34 versus
plant height and fraction cover (Fig 3)
since the correlation coefficients (r) be-
tween total wet biomass versus plant
height and fraction cover were 099 and
0 91, respectively (Table 2).

An excellent nonhnear relationship ex-
isted between ND34 and dry green leaf
biomass (Fig. 4) Because of the high
positive correlation of dry green leaf bio-
mass with wet green leaf biomass and
green leaf area index (Table 2), excellent
relationships of a similar trend as Fig 4
were observed between these vanables
and ND34 (Table 3), e g, the relationship

between ND34 and green leaf area index
(Fig 5). The dry green leaf biomass also
had a high negative correlation with the
fraction of leaf chlorosis (Table 2) A high
negative correlation between the ND34
and the fraction of leaf chlorosis from the
beginning of senescence (after August 20)
to the final sample (October 3) 1s docu-
mented in Table 3 Higher correlations
were obtained with the ND34 transfor-
mation than the mndividual TM bands 3
and 4 (Table 3) under the vanable irradi-
ance conditions of this study

Table 4 presents the linear correlation
coefficients (r) for several spectral radi-
ance transformations and agronomic vari-
ables In many cases, nonhnear relation-
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FIGURE 1 Temporal trajectory of the normalized difference of Thematic Mapper band 3
and 4 (ND34) versus total dry biomass per unit ground area Data pomt symbols refer to
samphng dates shown mn Table 1
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FIGURE 2 Temporal trajectory of the normahzed difference of Thematic Mapper bands 3 and 4
(ND34) versus total wet biomass per unit ground area Data pownt symbols refer to sampling dates
shown n Tabie 1
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FIGURE 3 Temporal trajectory of the normalized difference of Thematic Mapper
bands 3 and 4 (ND34) versus fraction of ground cover by plants Data point symbols
refer to samphing dates shown m Table 1
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FIGURE 4 Nonlinear relationship of the normahzed difference of Thematic Mapper bands 3 and 4
(ND34) versus dry green leaf biomass per unit ground area Data pomt symbols refer to sampling dates
shown 1n Table 1
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TABLE 3 Correlation Coefficient (r) of the Linearnized Relationships (Lineanzation of
Y=aX?) Between Spectfic Agronomic Variables (X) and Three Radiometric Vanables
(Y) The coefficients, @ and b, of the nonlinear ND34 relationships are also reported
Sample sizes (n) and levels of sigmficance are indicated

ACRONOMIC RADIOMETRIC VARIABLES COEFFICIENTS
VARIABLE TM3 T™4 ND34 a b
Wet Green —076" 0 44° 095° 0225 0198
Leaf Biomass n=43 n=43 n=43

Dry Green ~083° 032¢ 097° 0311 0196
Leaf Biomass n=43 n=43 n=43

Green Leaf -071° 0 48> 092b 0691 0199
Area Index n=41 n=41 n=41

Fraction Leaf 082b —097P —098" 0557 —0210
Chlorosis?® n=10 n=10 n=10

2Samples from 30 August to 3 October
bIndicates significance at the 0 01 level of probability
¢ Indicates significance at the 0 05 level of probability

ships existed and a simple hinear relation- We also found that the leaf biomass
ship was not representative Nevertheless, determinations were highly correlated to
it 1s believed that many of the reported leaf area measurements. The total LAI
transformations are redundant in char- was hghly correlated with total leaf bio-
actenzing temporal relationships of agrn- mass (r=0.98), the green LAI was highly
cultural crops correlated to green leaf biomass (r=0 99)
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FIGURE 5 Nonlnear relationship of the normalized difference of Thematic Mapper bands 3 and +4
(ND34) versus green leaf area index Data pomnt symbols refer to samphng dates shown 1n Table 1
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TABLE 4 Linear Correlation Coefficients (r) for the Spectral Radiance Data and Agronomic Varables The sample
sizes are noted mn parentheses ® Levels of significance are indicated

RADIOMETRIC VARIABLES

AGRONOMIC

T™M4 T™4 TM4 TM4—TM3 TM4-TM5
VARIABLE ™3 TM4 TMS oy TM5  TM3+TMS TMATTM3  TMA+TM5
Green LAI (41) —080° 029¢ —085° 094¢ 091°¢ 095°¢ 093¢ 092°¢
Green wet
leaf biomass (43) —-083° 0319 —087° 095¢ 090°¢ 096°¢ 096° 093¢
Green dry
leaf biomass (43) —084°¢ 021 —089° 092° 089°¢ 094¢ 094¢ 091¢
Chlorotic LAI 41) —029 —083° —-018 -—016 —025 —020 -009 —040°¢
Chlorotic wet
leaf biomass (43) —039¢ —081° —0299 —-004 015 -009 -004 -026
Chlorotic dry
leaf biomass (43) -024 -083° -013 -019 ~028 —023 —-014 —045°¢
Total LAI (41) —090°¢ 005 —092° 090¢ 085¢ 092°¢ 093¢ 082°¢
Total wet
leaf biomass (43) —089°¢ 016 —092° 094¢ 087¢ 094° 096¢ 088¢
Total dry
leaf biomass (43) ~-091° -018 ~—09I° 079°¢ 073¢ 079°¢ 084¢ 066
Wet stalk
biomass (43) —091° —015 —090° 085°¢ 074¢ 084°¢ 084¢ 065°¢
Dry stalk
biomass (39) —074° —045° —-068° 046° 0404 046° 044¢ 016
Total wet
biomass (43) —-088¢ —017 —089¢ 078¢ 075¢ 080°¢ 080° 065¢
Total dry
biomass (43) -069° —~056° —066° 038¢ 0349 0394 046° 024
Plant water
content (43) —-088 —002 —09I° 087°¢ 085°¢ 089°¢ 087°¢ 075¢
Canopy cover (39) —090° —007 —088° 080°¢ 070° 079¢ 081°¢ 060°
Fraction leaf®
chlorosis (10) 094¢ —096¢ 095¢ —098° -—-096¢ —098¢ —099°¢ —099°¢

aOnly the linear correlation coefficients are reported in this table We acknowledge that nonlinear relationships existed

in manv cases This 1s further discussed 1n the text
bSamples from 30 August to 3 October

¢Indicates sigmficance at the 001 level of probability
9Indicates sigmficance at the 0 05 level of probability

and the chlorotic LAI was highly corre-
lated to chlorotic wet leaf biomass (r=
098) Similar findings have been reported
for winter and spring wheat (Aase, 1978,
LeMaster et al, 1980) and for soybeans
(Holben et al, 1980) We thus feel, as
does Aase (1978), that leaf biomass mea-
surements can replace the more tedious
LAI determmations In addition, we also
observed significantly lower correlations
between the commonly recorded agro-
nomic vanable, estimated crop cover, and

the spectral data than was the case with
the spectral data and the green LAI and
green biomass data (Table 4) since esti-
mations of the crop canopy cover nclude
both green and chlorotic plant compo-
nents

Conclusions

Bands TM3 and TMS5 were highly cor-
related (r=097) thus these two bands
appear to contain redundant information
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under these conditions where we ob-
served no plant water stress.

Green leaf biomass determinations were
highly correlated with the green leaf area
mdex Similar relationships were found
between total leaf biomass and total LAI
as well as between chlorotic leaf biomass
and chlorotic LAIL This observation sug-
gests that component biomass measure-
ments can be substituted for the more
tedious LAI measurements and still pro-
vide quantitative data highly correlated
with corn canopy spectral response In
addition, many of the other agronomic
vaniables were highly interrelated because
of their relationship(s) to crop growth

The green leaf area index and green
leaf biomass were found to be the best
correlated agronomic vanables with the
spectral data. The commonly recorded
agronomic vanable, estimated canopy
cover (both green and chlorotic compo-
nents), was less well correlated Sigmh-
cant relationships were also found be-
tween single band spectral radiances and
associated multiband combinations and
many of the other agronomic vanables
sampled

Our overall conclusions 1s that nonde-
structive ground-based remote sensing
techniques can be appled to corn cano-
plies to estimate agronomic vanables
highly related to corn canopy physiologi-
cal status

The authors thank Steve Bogash for his
ard n the field and laboratory
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